Abstract. Collision-induced dissociation (CID) in atom-diatom non-reactive systems is studied quantum mechanically by treating the rotational and vibrational degrees of freedom in a sudden approximation. The collision problem to be solved is reduced to a one-dimensional Schrödinger equation with respect to the intermolecular radial distance. Therefore, only the scattering phase shift is an important quantity, and a physical insight into the collision dynamics can be obtained by observing the dependence of the scattering phase shift on the molecular orientation and on the internuclear distance of the molecule. The sudden approximation is applied to He + H 2 collisions. The present result indicates the applicability of the sudden approximation to CID in general cases of heavier diatomic or polyatomic molecules.
Introduction
In high-temperature gases, a significant fraction of molecules lie in highly excited vibrational states or have large collision energies above the threshold of molecular dissociation. Collision-induced dissociation (CID) of molecules is a basic process in such a condition. The inverse process of CID (three-body recombination) is an important process, not only in high-but also in low-temperature gases. Theoretically, CID and three-body recombination can be treated equally, and hence a detailed study of CID also provides information on three-body recombination. So far, several calculations have been made to obtain the cross sections for CID (e.g. Kuntz 1979, Dove et al 1990 and references therein) . However, almost all those calculations have been based on a quasi-classical trajectory method. Only a few papers (Pan and Bowman 1995, Nobusada and Sakimoto 1997) have been concerned with the quantum mechanical calculation of the CID cross sections for realistic collision systems. Considering the importance of three-body recombination at low temperatures as well, much more effort should be made on quantum mechanical studies of CID.
In the hyperthermal energy region such that the dissociation channel is open, a rigorous quantum mechanical treatment of the collision process is beyond the ability of presentday computers. A particular difficulty comes from the huge number of rotational channels that participate in the collisions; however, when collision energies are much larger than the rotational energy spacing of molecules, an infinite-order-sudden (IOS) approximation (Takayanagi 1963 , Tsien and Pack 1970 , Parker and Pack 1978 is considered useful to describe the rotational degrees of freedom. The IOS approximation has been applied to the calculations of collisional energy transfer (e.g. Gianturco 1979 , Aquilanti and Laganà 1986 , Clary 1987 ) and of the rearrangement reaction (e.g. Jellinek and Kouri 1985, Ohsaki and Nakamura 1990) . We can expect that the IOS approximation will also work well for CID.
Nevertheless, only very recently has the IOS approximation actually become applicable to CID (Pan and Bowman 1995, Nobusada and Sakimoto 1997) . In the CID process, we must describe the double continuum of scattering and dissociation channels and also highly excited vibrational states which couple strongly with the continuum channels. This problem is not resolved simply in quantum mechanics. Therefore, even if the IOS approximation is applied, the quantum mechanical calculation of CID cannot be achieved straightforwardly.
Recently, an efficient numerical method was introduced in the quantum mechanical study of CID (Sakimoto and Onda 1994) , and has been found to be efficient in collineartype collisions (Sakimoto and Onda 1994 , Sakimoto 1994 , 1996 , 1997 . The IOS calculation of CID using this method has been carried out for He+H 2 (Nobusada and Sakimoto 1997) . However, it still requires time-consuming computations, in particular, for describing the CID process for highly excited vibrational states. Wide applications of the IOS approximation to molecules in high vibrational states or with heavy masses are not easy tasks at present. On the other hand, a great advance has been made recently in characterizing high vibrational states of polyatomic molecules (Bacić and Light 1989 , Lehmann et al 1994 , Tennyson 1995 . Collision processes concerning high vibrational states are also a very interesting topic; therefore, it is much more desirable to introduce a further approximation which can characterize the CID process nicely for high vibrational states. For this purpose, the present paper proposes the energy sudden concept for the vibrational degree of freedom (vibrational sudden approximation).
So far, the application of the vibrational sudden approximation is much less frequent than that of the IOS approximation (Wartell and Cross 1971 , DePristo et al 1979 , Chan et al 1985 . This is because the energies concerned have been mostly thermal ones, which are not large compared with the vibrational energy spacing. However, here we focus on the hyperthermal energy region. Furthermore, the vibrational sudden approximation is expected to be more reliable for higher vibrational states because the vibrational energy spacing decreases with increasing vibrational quantum numbers. In this paper, we employ both the IOS and the vibrational sudden approximations to investigate the CID process, and examine the validity and applicability of the vibrational sudden approximation. Hereafter, we call the present full imposition of the sudden concept merely the sudden approximation. The numerical calculation is made for He + H 2 , and the results are compared with the IOS ones.
Theory

IOS approximation
We consider an atom-diatom collision system A + BC with reduced masses µ A,BC of A-BC and µ BC of B-C. We assume that the system has no rearrangement channels. Introducing Jacobi coordinates R and r, which are the intermolecular position vector of A-BC and the internuclear position vector of B-C, respectively, we have the Hamiltonian of the total system given by
where l is the intermolecular orbital angular momentum operator; j is the molecular angular momentum operator and V (R, r, γ ) is the potential energy surface (PES). Here, only the electronic ground state is considered. The PES is a function of the radial coordinates R, r and the relative molecular orientation γ which is the angle between r and R.
In the IOS approximation, the operators l 2 and j 2 are replaced by constants, i.e. l 2 →¯ (¯ + 1)h 2 and j 2 →j(j + 1)h 2 . Several choices are possible for (¯ ,j) (e.g. Kouri 1979 ). Here, we take¯ = , the initial orbital angular momentum quantum number and simply takej = 0. The cross sections become explicitly independent ofj , the initial molecular rotational state, when they are summed over all the final rotational states (Kouri 1979 ). We will not discuss the dependence on the molecular angular momentum hereafter. In the IOS approximation, the Hamiltonian becomes
which is two dimensional with respect to the dynamical variables R, r, and depends on γ only parametrically through the PES. The Schrödinger equation corresponding to the Hamiltonian (2) is
where the total energy E is measured from the bottom of the PES and the subscript v is the initial vibrational quantum number of BC. As a solution of (3), we can use the following close-coupling expansion:
where χ v (r) is the bound eigenfunction of the vibrational Hamiltonian
with the eigenenergy v and χ (r) is the continuum eigenfunction of H vib when the eigenenergy is larger than the dissociation limit D. The vibrational eigenfunctions satisfy the following orthonormality relation:
The coefficients f v ( ),v (R : γ ) in the expansion (4) represent the radial (R) wavefunctions for each fixed parameter and γ .
Sudden approximation
We can always introduce the transformation for the radial wavefunction (in the
where g (R, r , r : γ ) is the radial wavefunction in the r representation, and
a(r )|b(r , r)|c(r) = r dr r dr a(r )b(r , r)c(r).
In the following, the subscript v stands for not only the vibrational quantum number but also the continuum eigenenergy . Here, we assume that the radial wavefunction in the r representation has only diagonal elements,
Then, we can write
As seen later, g (R : r, γ ) is considered as the radial wavefunction in the vibrational sudden approximation. The essence of the vibrational sudden approximation is to set the vibrational Hamiltonian H vib to be a constant,
Then, using (6), the Schrödinger equation (3) becomes h
where K = E −¯ is the effective collision energy and U(R, r, γ ) is the interaction potential between A and BC, i.e.
U(R, r, γ ) = V (R, r, γ ) − V (R = ∞, r, γ ).
In equation (8), , r and γ are fixed parameters. Since equation (8) is one dimensional with respect to R only, the scattering information can be expressed in terms of the phase shift η (r, γ ). In the sudden approximation, a physical insight into the real collision dynamics can be obtained by looking at the dependence of the phase shift on the parameters r and γ . This situation is somewhat similar to that in the quantum defect theory of molecules in Rydberg states (Fano 1970, Greene and Jungen 1985) .
The average vibrational energy¯ could be chosen arbitrarily. Its value may be¯ = v , where v is the initial vibrational quantum number. However, it would be more convenient for numerical calculations if we could choose it so that¯ is independent of any vibrational states; in this case equation (8) is solved only once to deal with all the vibrational states. In a practical case,¯ ∼ v=0 will be a candidate for low initial vibrational states and¯ ∼ D for very high initial vibrational states.
Noticing the transformation (6), the γ -dependent S-matrix elements can be obtained from
where
The state-to-state vibrational transition probability (v → v ) for the molecular orientation γ can be given by
Since the S-matrix elements S v,v (γ ) satisfy the unitarity relation, we may define the γ -dependent CID probability for the initial vibrational state v as
where v max is the largest quantum number of the vibrational bound states. Expression (12) is very useful because it requires no calculation of dissociative continuum eigenfunctions. Let us define the γ -dependent CID cross section by
where k v is the channel-resolved wavenumber k v = 2µ A,BC (E − v ). The CID cross section for the initial vibrational state v can be given by
Calculation for He + H 2
We have applied the sudden approximation to He+H 2 collisions because the IOS calculation is available in this system. The ab initio PES of the He + H 2 system was given by Varandas and Brandão (1986) . The H 2 molecule possesses 15 vibrational bound states (v = 0-14) and the dissociation limit D = 4.75 eV is measured from the bottom of the H 2 potential energy curve. In figure 1, the energy levels v and the wavefunctions χ v (r) of the H 2 molecule are drawn for several (low and high) vibrational states on the potential energy curve. The wavefunction has a non-negligible value at r 2 bohr for v = 0 and at r 7 bohr for v = 14. Figure 2 shows contour plots of the He + H 2 interaction potential U(R, r, γ ) for three molecular orientations γ = 0
• , 50
• and 90
• . The interaction potential can always be considered repulsive except at extremely low collision energies, and is of short range (∼1 bohr).
Before carrying out the numerical calculations, we should check to what extent the vibrational sudden approximation is valid in He + H 2 collisions. One justification condition for the sudden approximation is to satisfy (DePristo et al 1979) τ c h 1
where is the energy spacing between the transition levels, and τ c is the collision time. The condition (15) implies that the collision time is much shorter than the characteristic timeh/ . In the vibrational transition, the multi-quantum jump ( v > 1) occurs through accumulation of the stepwise transition with v = 1 (Onda 1991) . This is also expected to be true in CID. Therefore, as the criterion for CID, we can read = v+1 − v in (15) for the initial vibrational state v. The collision time τ c may be given by a/(k v /µ A,BC ), where a is the interaction range and can be set to a ∼ 1 bohr in the He + H 2 system. In table 1, the collision time and the vibrational characteristic time are compared in He + H 2 collisions at the total energy E = 8 eV. The two time scales are comparable for v < 10, and this indicates that the sudden concept of the vibrational transition has no meaning for low vibrational states at this energy. However, when v > 10, the characteristic time becomes longer than the collision time, and especially for v = 13 and 14 the condition (15) is well satisfied. Therefore, we can expect that the vibrational sudden approximation works at least for high vibrational states. Here, it should be noted that the H 2 molecule is the worst for the sudden approximation because the reduced mass is the lightest. For other (accordingly heavier) molecules, the vibrational sudden approximation will be better even for lower vibrational states.
The sudden approximation is expected to be good for high vibrational states in He + H 2 . Therefore, the choice of¯ = D is one candidate. Table 2 compares the γ -dependent CID probabilities for¯ = v and¯ = D. The difference of the two results becomes very small for the higher vibrational states. In the present paper, the calculation is carried out only for high initial vibrational states (v 10), and hence¯ = D is taken regardless of the vibrational states. The scattering phase shift η (r, γ ) is calculated in the range 0 r 12 bohr. The WKB approximation is actually employed in this calculation. The Schrödinger equation (8) is also solved directly for some cases, and it is found that the WKB approximation is sufficiently accurate for the present purpose. The maximum orbital angular momentum is taken large enough (∼ 250) so that the sum (13) converges. The Gauss-Legendre quadrature rule is used for the integration (14). The independent range of γ is 0
• γ 90 • for the homonuclear molecule H 2 . The CID cross section is given in the energy range 5 E 10 eV.
Results and discussion
Consider the γ and r dependence of the scattering phase shift. Figure 3 shows the phase shift at the total energy E = 8 eV for the partial waves = 0, 50, 100 and 150. First, we see several features common to all the partial waves. Figure 2 indicates that the atom-molecule interaction is considered spherically symmetric when r is much smaller than R. Hence, the γ dependence of the phase shift does not appear until r > 1 bohr. In the collinear-like (γ ∼ 0
• ) collisions, since the interaction range becomes longer with increasing r (> 1 bohr) as seen in figure 2, the phase shift becomes more negative for larger r. (It should be noted that the interaction is always repulsive.) A local maximum is present at r ∼ 1.5 bohr in the phase shift versus r when γ ∼ 0
• . This is due to a local minimum in the interaction versus r (figure 2). Since the two-body He-H interaction has a range of ∼1 bohr, the net He-H 2 interaction becomes equal to the sum of two He-H ones at r 1 bohr and only to a single He-H one at r 1 bohr when γ ∼ 0 • . Therefore, the He-H 2 interaction has the local minimum at r ∼ 1.5 bohr. In the T-shape-like (γ ∼ 90
• ) collisions, on the other hand, the interaction range becomes monotonically shorter with increasing r (figure 2). As a result, the phase shift at γ ∼ 90
• becomes zero for larger r. Next, we consider some further important features of the phase shift that are different for different partial waves. When is high ( 100), the r dependence of the phase shift becomes very weak as γ approaches 90
• . This trend is easily understood from the fact that the interaction range is shorter for larger γ (figure 2). If the phase shift is independent of r, the inelastic transition probabilities become zero as seen in equation (9). Hence, for high partial waves, the inelastic transition (and also the CID) becomes less frequent as γ increases. In figure 4 , the γ -dependent elastic and CID probabilities at E = 8 eV are shown for v = 12. When = 100, we can see that, as γ approaches 90
• , the CID probability becomes negligible and the elastic probability becomes unity. On the other hand, when is low ( 50), figure 3 shows that the phase shifts for γ ∼ 0
• and ∼ 90
• have opposite increments with respect to r (r > 1.5 bohr), and the one for γ ∼ 50
• has the weakest r dependence unless r is large. This suggests that the CID is most inefficient at γ ∼ 50
• for low partial waves. In fact, for = 0
• and 50
• , we can see from figure 4 that the CID probabilities become small and the elastic probabilities become large at γ ∼ 50
• . The inefficiency of the CID at γ ∼ 50
• was already pointed out in a previous IOS study (Nobusada and Sakimoto 1997) , but no explanation was given there. Now, the reason for the inefficiency is evident by looking at the interaction in figure 2 , where we can find that the r dependence of the interaction itself is very weak at γ = 50
• . The IOS study (Nobusada and Sakimoto 1997) has shown that the He + H 2 CID process occurs through either of two modes: one is a compression mode where the collision impulse works to compress the diatom H-H, and another is an expansion mode where the impulse works to expand the H-H. The compression mode is dominant at γ ∼ 0
• , and the expansion mode is dominant at γ ∼ 90
• . In He + H 2 , a stronger collision impulse makes a larger absolute value of the phase shift η (r, γ ). In figure 3 , therefore, the two modes may be distinguished by the inclination of the phase shift versus r; that is, the negative (positive) inclination corresponds to the compression (expansion) mode. The phase shift for middle angles (γ ∼ 50
• ) shows an interesting feature. When is low (and γ ∼ 50 • ), the phase shift is flat at small r and has a positive inclination at large r. We expect that the expansion mode is important for high v. When is high (and γ ∼ 50
• ), the inclination can always be regarded as negative in the range of interest, 0 < r < 7 bohr. In this case, the compression mode plays a dominant role for all v. The curves shown in figure 3 are in accord with the findings in the IOS study.
We compare the details of the present sudden and the IOS results. To do so, we define the γ -dependent opacity for CID by (2 + 1)P v→diss (γ ) . From equation (13), the sum of the opacities over all partial waves is proportional to the γ -dependent cross section.
Figures 5-7 present the opacities at E = 8 eV calculated by the sudden and the IOS methods for γ = 0
• , respectively. Only the results for some of the highest vibrational states are compared. It is seen that the sudden approximation agrees quite well with the IOS values for v = 14 and 13. However, as v decreases (v = 12, 11), the agreement becomes poor. This is just what we expected from table 1. Thus, we can say that the condition (15) is a useful criterion for the justification of the vibrational sudden approximation. Previous studies for He + H 2 Sakimoto 1995, 1997) show that the mass combination in this system affects the CID dynamics drastically, especially at γ ∼ 0
• . Because He is heavier than H, the incident He atom has a chance of hitting the recoiling H 2 molecule (multiple collisions) in the case of γ ∼ 0
• . The multiple collisions make the CID probabilities smaller, and its effect becomes more significant for lower v Sakimoto 1995, 1997) . In figures 5-7, when the orbital angular momentum is small ( < 50), the agreement of the sudden and the IOS results is relatively poor at γ = 0
• compared with that at the other angles γ = 50
• . This is just due to the fact K Sakimoto that the vibrational sudden approximation cannot take account of the multiple collisions. When γ = 90 • , the two results also agree rather well for v = 12 and 11. Previous studies Sakimoto 1995, 1997) show that the multiple collisions are completely absent at γ ∼ 90
• . Hence, the vibrational sudden concept will be satisfactory even for lower v when γ = 90
• . In the absence of multiple collisions, the interference of two classical trajectories produces clear undulation in the γ -dependent opacities Sakimoto 1997) . As seen in figure 7 (γ = 90
• ), the sudden approximation can reproduce the undulation structure qualitatively. In figure 5 (γ = 0
• ), the sudden results also show the undulation although the IOS ones do not. The previous studies Sakimoto 1997) show that the multiple collisions make the interference effect complicated and consequently unclear. Therefore, the IOS calculation shows no clear undulation when γ = 0
• . It is interesting that the undulation structure cannot be seen, not only in the IOS but also in the sudden results when γ = 50
• . In this molecular orientation, the inelastic processes themselves are inefficient, and the interference effect is probably intrinsically weak. Figure 8 compares the γ -dependent cross sections at E = 8 eV calculated by the sudden and the IOS methods. For v = 14 and 13, good agreement is obtained over all molecular orientations. When the vibrational state is low (v = 12, 11) , the discrepancy between the two methods is larger for smaller γ . This is partly because the sudden approximation cannot describe the multiple collisions. If we consider an equal-mass system such as 3 He + T 2 , the multiple collision is absent even at γ ∼ 0
• , Sakimoto 1996 , 1997 . In this case, the sudden approximation will work better. As mentioned before, the molecular orientation γ ∼ 50
• is inefficient for the CID. Correspondingly, the γ -dependent cross sections become minimum at γ ∼ 50
• (though this is not so evident for v = 14). Finally, figure 9 presents the CID cross section in the energy range 5 E 10 eV. Comparison with the IOS values is made at E = 8 eV because the IOS calculation for high v is available only at this energy. Reasonable agreement is obtained for v = 14 and 13. As v decreases further, the sudden results are much larger than the IOS ones. The sudden calculation shows the flat energy dependence of the cross sections for very high v. This . This is probably an accidental result because the steric factor (σ v (γ ) versus γ ) is not uniform, as seen in figure 8 . The meaning of the geometric impact parameter b v will not be so simple and its value is unknown unless the dynamical calculation is carried out.
Summary and conclusions
We have studied the CID process in He + H 2 using the sudden approximation both for rotational and vibrational degrees of freedom. The only physically important parameter is a scattering phase shift in this approximation. Because of the heavy-particle and highenergy collisions, the WKB approximation can be applied to the scattering phase shift. The CID process has been analysed by looking at the dependence of the scattering phase shift on molecular orientations and on internuclear distances of the molecule. This provides a physical insight into the collision dynamics.
We have compared the sudden results with the IOS ones to check the validity of the vibrational sudden approximation. We have found that the vibrational sudden concept is satisfactory for very high vibrational states in the He + H 2 system. As a criterion for applying the vibrational sudden approximation, equation (15) is very useful. When the condition (15) is satisfied, one might expect that first-order perturbation theory is appropriate to describe inelastic processes. However, this is not true in the present case because the elastic transition probabilities are very small in an important range of as seen in figure 4 . The sudden concept is much more suitable for taking account of such strong coupling.
Because H 2 is the lightest and simplest molecule, the present system is the worst case for the application of the sudden approximation. For heavier or polyatomic molecules, which have smaller vibrational energy spacing, the sudden approximation will also work much better for low vibrational states. As examples, molecules like Li 2 , Na 2 and I 2 have = 0.02-0.04 eV for v = 0. For these molecules, the condition (15) can be well satisfied for all the vibrational states. Furthermore, it is very interesting to study molecular collisions following an electronic transition. In this case, multiple PESs must be considered together. The sudden approximation will also be very useful for this kind of problem.
